Phylogenetic relationships among foam-nesting clades of Old World tree frogs are analyzed using both nuclear and mitochondrial DNA data, with particular focus on Sri Lankan members of the genus Polypedates. A distinctive, highly supported endemic Sri Lankan clade is identified, and recognized as a new genus, Taruga. This clade, which had previously been assigned to the genus Polypedates, includes P. eques, P. fastigo and P. longinasus. A combination of characters distinguishes adult Taruga from Polypedates: Taruga possess a dorsolateral glandular fold that extends from the posterior margin of the upper eyelid to the mid-flank (vs. a supratympanic fold that curves over the dorsal margin of the tympanic membrane in Polypedates); a prominent calcar at the distal end of the tibia (absent in most Polypedates); a more acutely pointed snout; and 6-10 prominent conical tubercles surrounding the cloaca (absent in Polypedates). Tadpoles of Taruga eques and Polypedates cruciger are distinguished by several characters, including features of the buccal cavity and the form of the vent tube. Taruga is the sister group of the remaining Polypedates sensu stricto.
INTRODUCTION
Foam nesting is a reproductive mode that occurs in many species of anuran amphibians. Typically, eggs are laid in a foamy mass that overhangs a pool of water, into which late-stage tadpoles fall and undergo further development. Foam nesting occurs in several phylogenetically disparate frog lineages, including Leptodactylidae, Hyperoliidae, Leiuperidae, Myobatrachidae and Rhacophoridae (Wells, 2007) . Within each lineage, entire clades, genera or single species (as in Hyperoliidae) practice foam nesting (Duellman and Trueb, 1986; AmphibiaWeb, 2011) .
The Rhacophoridae, a well-supported monophyletic group (Frost et al., 2006) , contains three well recognized foam-nesting genera: Rhacophorus, Polypedates and Chiromantis (Chirixalus) (Meegaskumbura et al., 2002; Wilkinson and Drewes, 2000) . Whereas each genus in turn constitutes a distinct, monophyletic group (Richards and Moore, 1998; Meegaskumbura et al., 2002; Wilkinson et al., 2002; Frost et al., 2006) , phylogenetic relationships amongst these genera are not yet fully resolved (Meegaskumbura, 2007) .
Five foam-nesting species of anurans from Sri Lanka have previously been assigned to the genus Polypedates: P. maculatus, P. cruciger, P. eques, P. fastigo, and P. longinasus (Meegaskumbura et al., 2002; ManamendraArachchi and Pethiyagoda, 2005) . Four of these species are endemic to the island, whereas P. maculatus also occurs on the Indian Subcontinent. Sri Lankan Polypedates, however, possess two different body forms, both as adults and as tadpoles. Moreover, each body form displays a distinct pattern of distribution: slender-bodied, sharp-snouted species with small ranges (P. eques, P. fastigo and P. longinasus; Figs. 1, 2, 3A and 4B); and stouter, bluntsnouted species with wider distributions (P. cruciger and P. maculatus, Figs. 3B and 3A) , respectively. The tadpoles of these two groups, too, are distinctive (Fig. 4) . __________________________________________ *Corresponding author's email: madhava_m@mac.com Here we evaluate the genus-level relationships among these frogs through a phylogenetic analysis that uses both mitochondrial and nuclear DNA markers and includes representatives of all known foamnesting genera within Rhacophoridae. Our analysis reveals a hitherto unrecognized lineage of foam-nesting tree frogs endemic to Sri Lanka, which we recognize as a new genus. We also describe the morphological characters that distinguish adults and tadpoles of this genus from those of Polypedates. Malaysia  GQ204765  GQ204714  GQ204531  GQ204596  X  GQ204650  nigropalmatus  FMNH 230902  Malaysia  GQ204761  GQ204710  GQ204527  GQ204592  GQ204465  GQ204646  pardalis  FMNH 231366  Malaysia  GQ204762  GQ204711  GQ204528  GQ204593  GQ204466  GQ204647 reinwardtii ZRC 1. 1.5273  Java  GQ204771  GQ204720  GQ204537  GQ204601  GQ204472  GQ204656  reinwardtii  FMNH 235034  Malaysia  GQ204764  GQ204713  GQ204530  GQ204595  GQ204468  GQ204649  sp. FMNH 255280 DNA was extracted from ethanol-preserved tissues using Qiagen tissue-extraction kits following manufacturers' protocols. A total of 3730 base pairs (bp) were sequenced, including three mitochondrial gene fragments with a total of ~ 1500 bp and three nuclear gene fragments with a total of ~ 2230 bp. Portions of the mitochondrial 12S and 16S ribosomal RNA (12S and 16S, respectively) and cytochrome b (cyt-b) genes were amplified by PCR and sequenced directly using dye-termination cycle sequencing. The following primer sets were used for both PCR and sequencing of mitochondrial genes: 12Sa and 12Sb (Palumbi, 1996) , which amplified a ~ 380 bp fragment of the 12S rRNA gene; 16Sar and 16Sbr (Palumbi, 1996) , which amplified ~ 550 bp of the 16S rRNA gene; and CBJ10933 and BSF4 (Bossuyt and Milinkovitch, 2000) , which amplified a 567 bp region of the cyt-b gene. PCR conditions for amplification of all three fragments were as follows: denaturation at 95° C for 40 s, annealing at 45° C for 40 s, and extension at 72° C for 50 s, 35 cycles, with a final extension of 72° C for 5 min.
Nuclear Rag-1 (recombination activating gene-1), BDNF (brain-derived neurotrophic factor) and Rhod (rhodopsin exon-1) partial gene fragments were amplified by PCR. Two sets of primers were used to amplify two fragments of the Rag-1 gene for a total sequence length of 1403 bp: Amp-Rag1F (5'-AGC TGC AGY CAR TAC CAY AAR ATG TA -3') and AmpRag1R1 (5'-AAC TCA GCT GCA TTK CCA ATR TCA CA-3'); and Amp-Rag1F1 (5'-ACA GGA TAT GAT GAR AAG CCT GT-3') and Amp-Rag1R (5'-TTR GAT GTG TAG AGC CAG TGG TGY TT-3') (Mauro et al., 2004) . Primers BDNFF (5'-CAT CCT TTT CCT TAC TAT GGT T-3') and BDNFR (5'-TTC CAG TGC CTT TTG TCT ATG-3') (Murphy et al., 2001) , were used to amplify 550 bp of the BDNF gene; and Rhod.ma (5'-AAC GGA ACA GAA GGY CC-3') and Rhod.md (5'-GTA GCG AAG AAR CCT TC-3') (Hoegg et al., 2004) , were used to amplify 281 bp of Rhodopsin exon. PCR conditions for amplification of Rag-1 were denaturation at 95° C for 45 s, annealing at 52-58° C for 45 s, and extension at 72° C for 60 s, 35-38 cycles, with a final extension at 72° C for 10 min. PCR parameters for amplification of BDNF and rhodopsin gene fragments were the same as for Rag-1 amplification except for the annealing temperatures, which were 50° C and 45° C, respectively. All products were gel purified and sequenced on an ABI 3100 automated sequencer following manufacturers' protocols.
Alignment of sequences and phylogenetic analyses
Chromatograms were edited using Codon Code Aligner (v. 1.5.2). The program Se-Al (v. 2.0a: Rambaut, 1996) was used to align the coding regions of cyt-b, Rhodopsin, BDNF and Rag-1 using translated amino acid sequences. The 12S and 16S rRNA gene sequences were aligned visually. Positions that were difficult to align, and in which we had low confidence in positional homology, were excluded from the phylogenetic analyses.
The Partition Homogeneity Test as implemented in PAUP* (v. 4.0b10) was used to assess the congruence of the six gene fragments. All available species (40 taxa) were included in a single dataset. A non-partitioned Bayesian analysis, and an equal-weights unordered Maximum Parsimony Analysis were performed.
Modeltest 3.06 (Posada and Crandall, 1998) was used to choose the model of nucleotide substitution that best fit the datasets. The General Time Reversible model with invariant sites and gamma distribution (GTR+I+G) yielded the best-fit for all datasets (using the Akaike information criterion: Akaike, 1974 ). This was implemented as a non-partitioned Bayesian analysis, with all parameters estimated during the run.
The tree was rooted using Buergeria oxycephalus (China), Theloderma asperum (Malaysia) and Nyctixalus pictus (Malaysia and Indonesia). Previous studies suggest that these taxa represent the basal clades of Rhacophoridae and hence can be justified as outgroups to root the tree of the foam-nesting species (Meegaskumbura et al. 2002; Bossuyt et al., 2006; Frost et al., 2006; Meegaskumbura, 2007) .
Bayesian inference as implemented in MrBayes (v. 3.1: Huelsenbeck and Ronquist, 2001 ) was used to generate a phylogenetic hypothesis of relationships among the taxa with the parameters of a general time-reversible model of sequence evolution with gammadistributed rate variation among sites and a proportion of invariant sites (GTR+I+G) estimated during the run. Four MetropolisCoupled Markov Chain Monte Carlo (MCMCMC) chains were run for one million generations and the summed likelihood of the four chains converged on a stationary value by 250,000 generations (burn-in time). Burn-in time was determined using the program AWTY (Wilgenbusch et al., 2004) . The frequency of clades in trees that were sampled every ten generations from the last 250,000 generations (a total of 25,000 trees) was used as an estimate of the posterior probabilities of those clades ). Uniform priors were specified, and branch lengths, topology and nucleotide substitution parameters were unconstrained. For the Maximum likelihood analysis, we used the GTR+I+G model of nucleotide substitution with the parameters estimated from the Bayesian analysis. A single heuristic search with Tree Bisection and Reconnection (TBR) branch swapping was conducted using PAUP*4.0b10 (Swofford, 2002) . Tree searches under a Maximum Parsimony criterion used heuristic searches with TBR branch-swapping and 100 replicates with random taxon addition as implemented in PAUP*4.0b10. A bootstrap analysis (100 replicates, random stepwise addition with 100 reps) to determine node support was also carried out within a maximum parsimony framework.
Adult morphology
The distinguishing external morphological features of all Polypedates species in Sri Lanka were evaluated. Characters used by Manamendra-Arachchi and Pethiyagoda (2005) were noted for all individuals. The following characters were measured to the nearest 0.1 mm using vernier calipers: eye diameter (ED); eyeto-nostril distance (EN); eye-to-snout length (ES); distal end of tibia length (FEL); length of third finger (FLIII); pes length (FOL); head length (HL); head width (HW); internarial distance (IN); interorbital distance (IO); nostrilto-snout length (NS); snout-vent length (SVL); tibia length (TBL); and length of fourth toe (TLIV). 
Tadpole morphology
Tadpoles of Taruga eques were collected from a pond in a tea estate at Agarapatana (1550 m elevation) and P. cruciger from a man-made pond at the University of Peradeniya. They were fixed in 10% neutral-buffered formalin (NBF) and preserved in a 1:1 mixture of 70% ethanol and 10% NBF. Measurements were made to the nearest ±0.01 mm using a digital caliper and a graduated microscope attachment (Motic K-400) fitted with a drawing tube. Terminology used to describe external features follows McDiarmid and Altig (2000); terminology for internal oral features follows Wassersug (1976) . Only Gosner (1960) stage-38 tadpoles were evaluated.
RESULTS

Molecular phylogenetics and systematics
The complete dataset initially consisted of DNA sequences of 3730 bp length. A total of 3404 bp remained after removing regions of the mitochondrial 12S and 16S rRNA genes for which alignment was ambiguous and confidence of positional homology was low, but retaining all positions of the cyt-b and nuclear genes. The Partition Homogeneity test showed that the data are congruent (p > 0.01) and that the combined analysis of data is justified. Model test results show that GTR+I+G is the best fit (based on AIC) of the 56 models considered for the dataset.
We chose as our best tree the one with the highest likelihood from the unpartitioned Bayesian analysis. All nodes are well supported, with high posterior probabilities (> 95%; Fig. 5 ). Maximum parsimony analysis yields two equally parsimonious trees (tree length 4161) and these trees agreed in major clade arrangement to a great degree with the clade arrangement of the Bayesian tree (the two maximum parsimony trees are not shown). Major phylogenetic conclusions, all of which receive high clade support in the Bayesian tree (Fig. 5) Ahl, 1927 Etymology. Taruga in Sanskrit and early Sinhala refers to -tree climber,‖ a reference to the arboreal habitat of these frogs. Gender masculine.
Diagnosis. Several adult characters and character states distinguish Taruga from Sri Lankan Polypedates (Figs. 2, 3A and 6; Figs. 1 and 3B). Taruga have a straight or slightly curved dorsolateral glandular fold that extends from the back of the upper eyelid to the midflank, whereas Polypedates have a supratympanic fold that curves around the dorsal margin of the tympanum. Additionally, Taruga possess a prominent calcar at the distal end of the tibia (absent in most Polypedates); 6-10 prominent conical tubercles around the cloaca (absent in Polypedates); and a pointed snout in both dorsal and lateral aspects (vs. a shorter, more rounded snout in Polypedates) (Fig. 6) . Snout acuteness differs markedly between the two genera; snout angle in Taruga varies between 58° and 70° (T. longinasus, 58°; T. eques, 70°; T. fastigo, 67°) whereas in Sri Lankan Polypedates it varies between 76° and 92° (P. cruciger, 77 to 92°; P. maculatus, 76°): data from Manamendra-Arachchi and Pethiyagoda (2005).
The cranium of T. eques differs from that of P. cruciger and P. leucomystax in several respects (Fig. 7) . The skull of T. eques is narrow and long in dorsal view; skull length/width ratio 0.90, frontoparietal length/width ratio 1.57 (the skull is wide and short in P. cruciger and P. leucomystax; skull length/width 1.03 and 1.12, frontoparietal length/width 1.40 and 1.25 in the two genera, respectively). The dorsal surface of the cranium is smooth in Taruga (with bony ridges in P. cruciger and P. leucomystax). The other features by which the two genera differ are: posterior margin of frontoparietal blunt in Taruga (with two pointed bony ridges in P. cruciger, concave in P. leucomystax); the anterior margin of the frontoparietal is convex in Taruga (concave in P. cruciger, straight in P. leucomystax); pterygoid strongly curved in Taruga (slightly curved in P. cruciger and P. leucomystax); and orbit dorsally long and narrow, length/width ratio 2.1 in Taruga (short and wide, length/width equals 1.6 in P. cruciger, 1.8 in P. leucomystax).
Tadpoles of T. eques and P. cruciger differ markedly in external morphology (Table 2; Figs. 4 and 8).
Taruga eques has a pointed snout in dorsal view (rounded in P. cruciger), dorsallydirected eyes (laterally directed in P. cruciger) and a thin dorsal lip and groove at the base of the tail (absent in P. cruciger). It also lacks a marked, whip-like flagellum at the tip of the tail (present in P. cruciger).
In lateral view (Figs. 4 and 8) , tadpoles of T. eques feature a sinistral spiracle attached to the trunk along most of its length, its inner wall free and formed such that the aperture opens laterally instead of posteriorly (a sinistral and cylindrical spiracle, centripetal, its distal end is directed posteriorly); the ventral tail fin originates at the caudal end of the trunk (originates from the trunk's ventral surface in P. cruciger); the dorsal fin originates at the caudal end of the trunk (originates from the trunk's dorsal surface in P. cruciger); and the vent opens as a dextral aperture between the hind limb and tail and does not form a tube (a distinct conical dextral vent tube, open at the free end, originates between the hind limb and the tail in P. cruciger; Fig. 9 ). The configuration of the vent in Taruga is a derived and possibly unique character-state in anuran larvae, which typically possess a vent tube (McDiarmid and Altig, 2000) .
The larval buccal cavity also differs in the two species (Table 3 and Fig. 10 ). Characteristic features of the buccal floor in Taruga eques are; heart-shaped prelingual arena (U-shaped in P. cruciger); absence of prelingual-arena papillae (one pair in P. cruciger); three major digitations of the anterior prelingual arena palps (two in P. cruciger); flat and broad, multifurcated, posteriorly-directed posterior prelingual arena palps (long and medially directed with projections in P. cruciger); absence of papillae on the anterior wall of the buccal cavity (4-5 pairs in P. cruciger); tongue rounded (slightly conical in P. cruciger); a single pair of lingual papillae (two unequally-sized pairs in P. cruciger); lingual pigmentation present (absent in P. cruciger); tongue attached posteriorly with indiscernible buccal floor musculature, lacking a notch (tongue fully attached to prominent musculature, in a notch, in P. cruciger); a Ushaped, depressed buccal floor arena (BFA; triangular and elevated in P. cruciger); fewer than 50 BFA pustulations (more than 50 in P. cruciger); and 19-21 BFA papillae (11-13 in P. cruciger). Taruga (Table 3 and Fig. 10) are; broad, Vshaped prenarial arena (U-shaped in P. cruciger); a broad, V-shaped anterior transverse ridge (crescentic in P. cruciger); absence of an anterior projection on the narial papilla (present in P. cruciger); and five pairs of arena papillae (four pairs in P. cruciger). 
Characteristic features of the buccal roof in
DISCUSSION
Our phylogenetic results (Fig. 5 ) confirm those of several earlier less-well supported studies that identified Polypedates as the sister taxon of Rhacophorus. Liem (1970) and Wilkinson and Drewes (2000) recovered Rhacophorus and Polypedates as sister taxa, although Channing (1989) did not. Most previous mtDNA-based phylogenies failed to recover this sister-clade relationship (Richards and Moore, 1998; Meegaskumbura et al., 2002; Wilkinson et al., 2002) , but intergeneric relationships are only weakly supported in those studies. The phylogeny of Frost et al. (2006) , which is based on mtDNA and some nuclear DNA sequence data, recovers Chiromantis/Chirixalus as the sister taxon of Polypedates, and Rhacophorus as the sister taxon of a clade containing Chiromantis/Chirixalus + Polypedates.
There also is ambiguity in the morphological diagnoses of some species of Polypedates and Rhacophorus (Bossuyt and Dubois, 2001 ). Wilkinson et al. (2002) , for example, show P. dennysi nested within Rhacophorus and allocate it to that genus (see Frost et al., 2006) . By including in the present study the type species of Rhacophorus (R. reinwardtii) and Polypedates (P. leucomystax) from Java, the type locality of each species, we seek to stabilize the identity of both genera.
A basal Sri Lankan clade can be distinguished within what was previously referred to as Polypedates. This endemic clade, for which we erect the new genus Taruga, is molecularly distinct (i.e., both well supported and deeply divergent) from remaining Polypedates species, including the two Sri Lankan species, P. maculatus and P. cruciger. As noted above, it also is differentiated morphologically from Polypedates. As presently understood the clade comprises three named species: T. fastigo, T. eques and T. longinausus However, our molecular results also suggest that Polypedates is more speciose than currently understood, as two P. cruciger species used in the current analysis are widely different from each other; we are currently in the process of describing this new form.
Based on examination of the species included in the present study, snout angles of Taruga and Polypedates do not overlap. However, this character may be sexually dimorphic, at least in some species (males tend to have more acutely-pointed snouts than females), hence we recommend that the sexes be compared separately when evaluating this character for taxonomic purposes.
Chiromantis occupies a well-supported basal position within the monophyletic foam-nesting group (Fig. 5) . This arrangement agrees with the morphology-based phylogeny of Wilkinson and Drewes (2000) , but not with those of either Liem (1970) , who considered Chiromantis the sister group of Philautus, or Channing (1989) , who considered Chiromantis as basal to all Rhacophoridae + Mantellidae, excluding Buergeria. Our result also differs from the mtDNA-based phylogenies of Moore (1998), Meegaskumbura et al. (2002) and Wilkinson et al. (2002) , in which Chiromantis forms the sister group of Polypedates, although with only weak support. The present result also conflicts with the analysis of Richards et al. (2000) , in which Chiromantis comprises a sister group of Rhacophorus, but again with only weak support. Our result reinforces the conclusions of Wilkinson et al. (2002) and Frost et al. (2006) that Chiromantis is nested within the Chirixalus clade, which, in our analysis, includes the type species of the genus, Chirixalus doriae (albeit from Laos the type locality is in Burma Taruga is the sister group of the remaining species of Polypedates sensu stricto. The position of the Taruga + Polypedates clade as sister to Asian Rhacophorus and Chirixalus suggests an Asian origin of their common ancestor, with an ancient dispersal to Sri Lanka. Presence in Sri Lanka of Polypedates cruciger and P. maculatus indicates a second, more recent dispersal from mainland Asia to Sri Lanka. Since Taruga forms an isolated clade and is species depauperate, we regard it as a relict taxon. The biogeography of Taruga will be considered in a subsequent work.
Two genera of foam-nesting rhacophorid tree frogs are present in Sri Lanka: (1) Polypedates, with several species in Asia but just two in Sri Lanka (P. maculatus-widely distributed in South Asia; and P. cruciger-endemic to Sri Lanka, albeit widely distributed); and (2) Taruga, a Sri Lankan endemic, whose three constituent species (T. eques, T. fastigo and T. longinasus) each have restricted distributions mostly in the forested highlands.
External morphology of tadpoles of T. longinasus was reported by Fernando and Dayawansa (1995) and Fig. 11 . Their results agree with ours for T. eques in showing that T. longinasus lacks a tail-end flagellum, that the dorsal and anal fins seem to commence at the posterior end of body, and that the spiracle appears to have a similar form to the one we observe in T. eques. Additional studies on the morphology of both T. fastigo and T. longinasus, as well as species of the Polypedates and the Rhacophoridae are needed to confirm whether the derived characters and character states we observe in T. eques are synapomorphic in the genus.
All three species of Taruga show a restricted distribution within Sri Lanka, whereas Polypedates is widely distributed through South Asia. Taruga eques and T. fastigo are restricted to submontane and montane regions: T. eques occurs in the Central Hills and Knuckles Mountains; T. fastigo is restricted to the highest peaks of the Rakwana Hills (e.g., Morningside). Taruga longinasus is found in the mid-hill regions (of Rakwana Hills, and south and southwestern Central Hills) up to an elevation of about 600 m, and in the lowland wet zone. Polypedates cruciger, on the other hand, is widely distributed in the lowlands of the southwestern -wet zone‖ (annual rainfall > 2500 mm), extending to an elevation of about 1500 m. It also occurs in the -intermediate zone‖ and the island's relatively dry south-eastern region, extending into the dry zone (annual rainfall < 2000 mm). Polypedates maculatus is abundant in the dry zone lowlands and occurs also in the lowlands of the wet zone, especially along the coastal floodplain. It usually does not occur at elevations above 500 m. 
